reported that bacteria could hydrogenate chloroplast lipids in the presence of rumen fluid. The lack of a rapid, specific assay has seriously hampered further elucidation of the biohydrogenation system. We developed such an assay and used it to further characterize the biohydrogenation system of rumen microorganisms. MATERIALS AND METHODS Incubation conditions. Washed suspensions of mixed rumen bacteria obtained from a fistulated steer consuming mixed pasture grasses were prepared by differential centrifugation in 0.1 M phosphate buffer (pH 6.5), according to the procedure of Doetsch et al. (1955) . The bacteria must be kept in an anaerobic atmosphere during the preparation of the washed cell suspensions and subsequent incubation. Commercial tank gases were freed from oxygen by passage over copper filings at 600 C. The pure cultures of rumen bacteria were grown and maintained on the nonselective medium (98-5) of Bryant and Robinson (1961), modified by the inclusion of 0.5% each of soluble starch, glucose, and cellobiose. Biohydrogenation activity was determined under anaerobic conditions with linoleic-
saturated fatty acids ingested by ruminant animals are hydrogenated to their saturated counterparts in the rumen, very little is known about either the microorganism responsible for this reaction or its biochemical mechanism. Shorland et al. (1957) demonstrated the conversion of linolenic and linoleic acids to more saturated derivatives when incubated with whole rumen contents. Wright (1959) showed that ciliate protozoa could hydrogenate unsaturated fatty acids of chloroplasts, but that rumen bacteria effected very little hydrogenation when incubated in phosphate buffer. Later, Wright (1960) reported that bacteria could hydrogenate chloroplast lipids in the presence of rumen fluid. The lack of a rapid, specific assay has seriously hampered further elucidation of the biohydrogenation system. We developed such an assay and used it to further characterize the biohydrogenation system of rumen microorganisms. MATERIALS AND METHODS Incubation conditions. Washed suspensions of mixed rumen bacteria obtained from a fistulated steer consuming mixed pasture grasses were prepared by differential centrifugation in 0.1 M phosphate buffer (pH 6.5), according to the procedure of Doetsch et al. (1955) . The bacteria must be kept in an anaerobic atmosphere during the preparation of the washed cell suspensions and subsequent incubation. Commercial tank gases were freed from oxygen by passage over copper filings at 600 C. The pure cultures of rumen bacteria were grown and maintained on the nonselective medium (98-5) of Bryant and Robinson (1961) , modified by the inclusion of 0.5% each of soluble starch, glucose, and cellobiose. Biohydrogenation activity was determined under anaerobic conditions with linoleic1_Cu4 acid as a substrate, added either as an albumin complex (Neptune, Sudduth, and Fash, 1959) , or dissolved in ether, with the solvent removed before adding other components. The VOL. 88, 1964 BIOHYDROGENATION OF UNSATURATED FATTY ACIDS usual incubation mixture contained 0.5 to 0.8 ml of a washed cell suspension in 0.1 M phosphate buffer (pH 6.5; adjusted so that a 1:100 dilution gave an optical density of 0.4 to 0.6 at 420 m,), 0.5 ml of boiled rumen fluid, and 1 to 3 mg of labeled linoleic acid containing 1 Ac of C14. Incubations were usually conducted in an atmosphere of hydrogen at 39 C for various lengths of time, depending on the experiment.
Extraction and measurement of fatty acid products. The incubation was terminated by the addition of 10 volumes of isopropanol-isooctane-1 N H2SO4 (40:10:1), followed by extraction as described by Dole (1956) . The rapid procedure of Metcalfe and Schmitz (1961) was used to methylate the fatty acids. Separation according to the degree of unsaturation was attained by reversed-phase thin-layer chromatography on microscope slides coated with silica gel G and with acetonitrile-glacial acetic acid-water (70:8: 10) as the solvent system (Malins and Mangold, 1960 * Incubation medium contained 5 ml of a suspension of washed rumen bacteria in 0.1 M phosphate buffer (pH 6.5), 3 ml of buffer containing 300 mg of bovine serum albumin (fraction V), 20 mg of C14-labeled linoleic acid, and 2 ml of boiled rumen fluid or phosphate buffer; incubated at 39 C for 15 hr in an atmosphere of hydrogen.
t The number before the colon designates the number of carbons in the fatty acid, and the number after the colon indicates the number of double bonds.
washed suspension of rumen bacteria was obtained in the first experiment (Table 1) . Since the bacteria in the rumen fluid were concentrated four times in the preparation of the washed cell suspension, and since the hydrogenation activity was only slightly higher than the activity of the rumen fluid from which the bacteria were obtained, some factor important to biohydrogenation may have been lost in the preparative steps. This view is supported by the strong response obtained when boiled rumen fluid was added. But, in subsequent experiments, stimulation by the addition of boiled rumen fluid was not obtained consistently.
Biohydrogenation was observed to be an obligately anaerobic system ( percentage of the radioactivity occurring in the monoenoic fraction (Table 3 ). But, as the level of linoleic acid was increased, the conversion to stearic acid decreased. The extreme seasonal variation encountered when mixed rumen bacteria was used is illustrated in Fig. 1 . Although one sample (winter) required four times longer than the other sample (summer) to reach the same degree of hydrogenation, the overall course of biohydrogenation was similar. There is a marked lag in the production of stearic acid from linoleic acid that persists until the level of the monoenoic acid exceeds that of the dienoic acid. Once this high level of monoenoic acid is reached, the percentage of stearic acid increases rapidly, as is most evident in the summer sample.
To determine the fate of the acids undergoing biohydrogenation, an experiment was conducted in which the cells were separated from the reaction mixture before fatty acid extraction. The samples were centrifuged at 27,000 X g for 30 min, and the resulting clear supernatant and bacterial (residue) fractions were assayed separately for labeled monoenoic and saturated fatty acids. The fact that large amounts of monoenoic and stearic acids are found in both the cellular and supernatant fractions (Fig. 2) indicates that biohydrogenation is a cellular process, with the reduced acids being released into the medium. Of course, it is possible that the reaction could occur at the cell surface. A considerable percentage of the monoenoic and stearic acids produced remained associated with the cellular fraction, especially the saturated fraction which was almost always found in greater proportion in the precipitate.
The ability of washed rumen bacteria to hydrogenate oleic acid is illustrated in Fig. 3 (Moreland and Hill, 1959 Bryant, 1956 ). It should be emphasized that both of the two stimulating organisms were examined earlier for biohydrogenation activity and were found inactive by themselves.
An experiment was conducted with the use of pure cultures of each of the two active strains of B. fibrisolvens with each of the two active ancillary bacteria to study the relationship of the presence of an ancillary organism to biohydrogenation. Biohydrogenation activity of B. fibrisolvens was examined in the presence of the following preparations of the ancillary organisms: washed cells, heat-killed cells, and a filtrate of the washed cells. Surprisingly, in this experiment, both strains of B. fibrisolvens demonstrated appreciable biohydrogenation activity when incubated alone (Table 5 ). Only slight, if any, stimulation was observed with all of the anoillary preparations and, as observed previously, neither of the two ancillary organisms demonstrated any biohydrogenation activity.
The only apparent difference between this and all of the previous experiments was in the age of the cultures of B. fibrisolvens. In the latter case, 18-hr cultures were harvested for assay, whereas much older cultures were used in the earlier experiments. To examine further the effect of age of culture on biohydrogenation activity, two strains of B. fibrisolvens were grown, and samples were removed periodically for biohydrogenation assay. A pronounced effect of age on the biohydrogenation of linoleic acid was observed (Fig. 4) . In both cases, maximal activity was reached in 12 to 24 hr, and then a rapid decrease with age occurred. It should be noted that B. fibrisolvems strain D-1 had been classed as an inactive organism on the basis of the previous assays. Similarly, many of the other organisms previously examined and found inactive may have been too old when they were assayed. Incubation medium as in Table 6 ). Evidence that an ancillary organism can overcome the adverse dilution effect is pirovided by the fact that 0.5 ml each of a suspension of B. fibrisolvens and P. elsdenii gave as much activity as did I ml of B. fibrisolvens (Table 7) . P'ossibly related is the observation that an inoculum from a solid rather than a liquid medium results in a drastic reduction of the hydrogenation of linoleic acid (Table 6 ).
In the exleriments with washed suspensions of mixed rumen bacteria, crotonate was an effective inhibitor of the biohydrogenation of linoleic acid, and proved an equally effective inhibitor when tested with B. fibrisolvens (Table   6 ). Carbon dioxide, also found to inhibit the biohydrogenation of linoleic acid by mixed rumen bacteria, similarly is an effective inhibitor of the reaction in B. fibrisolvens (Table 7) . In contrast, the stimulatory effect, of hydrogen on the biohydrogenation by mixed rumen bacteria was not obtained with B. fibrisolvens. Occasionally, boiled rumen fluid stimulated the hydrogenation of linoleic acid to the monoenoic acid by mixed suspensions of rumen bacteria, but most, frequently the stimulatory effect was observed (Hoberman and Rittenberg, 1943; Farkas and Fischer, 1947 (Shorland et al., 1957; Wright, 1960) . This difference probably is due, at least in part, to the fact that the other investigators used an atmosphere comprised chiefly of carbon dioxide.
Throughout this investigation, we found considerable variation in the extent of biohydrogenation activity and in the response obtained by adding boiled rumen fluid. The pronounced seasonal variation in biohydrogenation may well be attributed to changes in the microbial population or their metabolic activity. The stimulatory effect obtained by adding boiled rumen fluid most frequently was observed during the winter months when biohydrogenation activity was minimal. Moreover, we usually found the stimulatory effect greater for the conversion of the monoenoic acid to the saturated fatty acid than for the hydrogenation of the dienoic acid to the monoenoic acid.
The chemical nature of the hydrogen donor compound is unknown. The supply of this compound may be the limiting feature of the biohydrogenation system, and the stimulatory effect of the boiled rumen fluid may reside in a supply of the donor compound. However, attempts to replace the boiled rumen fluid with compounds known to function as hydrogen donors in anaerobic bacteria (glucose, formate, and amino acids) proved unsuccessful.
Considerable variation was observed also in the biohydrogenation activity of the several strains of B. fibrisolvens examined. This could be expected, since other phases of metabolism have been shown to be quite variable between strains of this organism (Gill and King, 1958; Bryant and Small, 1956) .
Demonstration of the biohydrogenation reaction in B. fibrisolvens, one of the more numerous rumen bacteria (Bryant and Small, 1956 ), was undoubtedly expedited by the chance contamination of the two strains originally shown to be active. Experiments based on this observation led to the conclusion that not all species of rumen bacteria are capable of stimulating this reaction in B. fibrisolvens. When experiments were conducted to study the relationship between age of the culture and biohydrogenation activity, we found that maximal activity occurred during a limited period of growth, and that the ancillary organism was not required if cells were harvested at the time of maximal activity. Because most of the pure cultures examined for biohydrogenation activity were tested when they were probably well beyond the period of maximal activity, some of these bacteria also may be capable of hydrogenating linoleic acid. Loss of biohydrogenation activity resulting from either dilution of the standard suspension or advanced age of the active culture can be overcome bv an ancillary bacterium. Perhaps a critical level of some metabolite is required for the biohydrogenation reaction, and the compound is reduced below this level by either dilution or old age. The restoration of biohydrogenation activity by an ancillary organism could then result from an increase in the compound because of production by this organism. Boiled rumen fluid cannot replace an active ancillary organism. Several lines of evidence indicate that the biohydrogenation of linoleic acid to stearic acid takes place in two separate systems. Tove and Matrone (1962) found that the rumen flora from sheep fed purified diets rapidly converted linoleic acid to monoenoic acids, but hydrogenated the monoenoic acids to stearic acid much more slowly than did the flora from normally fed sheep. In the timecourse study of the biohydrogenation of linoleic acid (Fig. 1) , the saturated acid did not appear until the level of the monoenoic acid exceeded that of the dienoic acid. Such a kinetic picture would be difficult to conceive if a single system were operating in the conversion of linoleic acid to stearic acid. These data are consistent with the view that two systems operate, the second of which is dependent upon the formation of a high level of monoenoic acid to offset the inhibiting effects of linoleic acid on the conversion of the monoenoic acid to the fully saturated derivative. Low levels of linoleic acid present in the incubation mixture were readily hydrogenated to stearic acid (Table 3) ; but, when higher levels of linoleic acid were used, no stearic acid was formed, although the proportion of monoenoic acid increased. This variation in the ratio of monoenoic to saturated acid also can be explained on the basis of two separate systems with linoleic acid acting as a competitive inhibitor for the biohydrogenation of the monoenoic acid. Thus, when the level of linoleic acid is initially low, inhibition of the second system is negligible and a greater proportion of stearic acid is formed. Finally, no stearic acid was formed in any of the experiments 
